In August 1975, an extraordinary storm hit the Hongru River basin in Henan Province, China. Two dams were overtopped, breached and totally destroyed and the river basin experienced a severe flood. Various methods for assessing the return period of the peak discharges and changes in hydrological response due to the dambreak have been investigated: Annual Maximum Series (AMS), Partial Duration Series (PDS) and regional analysis. The three approaches gave different estimates of the T-year discharge event and of the observed 1975 event, which leads to the question whether probability-based methods are applicable for very extreme events. Although not capable of giving consistent estimates, extreme value analysis shows that the catchment response has changed because of the dambreak in 1975, which change in turn can be used for future designs. The uncertainty in the estimated design peak flows suggests that probability-based estimation methods for extrapolation should be complemented with research into historical events and simulations based on rainfall-runoff models.
INTRODUCTION
In the formulation of a flood protection system, specific objectives determine the parameters for any hydrotechnical constructions. The advanced planning of a flood protection system is based on the probabilities of events (Kite, 1988) . The planning can
Open for discussion until 1 December 1997 ensure that housing and industrial developments are not located in high-risk areas. Similarly, a knowledge of the probabilities of occurrence of design events should be used in the planning of dams, spillways, levees, detention basins, and other flood control structures. It is usually best to use the event magnitude for a specific return period as a design criterion (Chow et al., 1988) .
China has long traditions in planning and using flood protection systems. However, a catastrophe in the Hongru River basin in 1975 emphasized the importance of hydrological studies directed towards determining design values for hydrotechnical constructions. Many studies were initiated to investigate how to increase the security of the flood protection systems. The objective of a Chinese-Swedish study lasting two years was concentrated on the development of a design tool for extreme flow estimation (Bengtsson et al., 1996) . This paper discusses only the extreme event analysis of the Chinese-Swedish research project. The statistical analysis of the runoff series observed in the Hongru River basin included data augmentation, fitting theoretical distributions to the observations, application of partial duration series, finding relationships between peak flows and flood volumes, and design flow estimation based on catchment characteristics. The pitfalls arising from the extrapolation of probability distributions are illustrated by applying a number of different flood frequency estimation methods which yield different results.
CASE STUDY AREA AND BASIC DATA
The Hongru River basin is 12 380 km 2 in area and constitutes a tributary of the Huai River (Fig. 1) . The yearly runoff averaged for the observation period 1952-1987 varies between 200-360 mm for the sub-catchments shown in Fig. 1 . The average annual rainfall in the Hongru River basin is 980 mm, with more rain failing in the mountainous southwest than on the plain to the east. However, the annual rainfall varies considerably from year to year and can be as much as 2000 mm. Due to the monsoon circulation, almost 90% of the annual precipitation falls from April to October inclusive.
On 31 July 1975, a typhoon occurred over the west Pacific Ocean. On 6 August the typhoon reached the Hongru River basin in Henan Province and resulted in an extraordinary storm (Fujia & Yumei, 1994) . The water level rose rapidly in the Banqiao and Shimantan reservoirs, which had total storage capacities of 492 x 10 6 and 91.8 x 10 6 m 3 , respectively. The dams were overtopped, breached and totally destroyed. The Tanzhuang reservoir, 6 km downstream, with a storage volume of 278 x 10 6 m 3 , was also destroyed by the flood waters from the Shimantan.
The observed natural flow plays a very important role in predicting the conditions under which a designed hydrotechnical construction will operate. An intensive hydrometeorological measurement and data collection system was started in the early 1950s in the Hongru River basin. Today, this basin has one of the most comprehensive hydrological observation networks in China (Fu, 1991) . However, continuous discharge series for the period 1951-1987 were available for only two gauges. The main reason 114.0°E 115.0-E Fig. 1 Hongru River basin and its drainage network. The lower figure shows sub-basin codes and boundaries.
for the missing values was the occurrence of floods, especially the catastrophe in 1975. The water balance method can be used to reconstruct the natural runoff at an upstream reservoir outlet but it was not possible to reconstruct the river discharge in the downstream reaches because of detention basins etc.
The character of the flow regime changed and the peak discharges increased in general after the dam breaks in 1975, since the reservoirs no longer reduced the peak flow. This event in 1975 was a focus point in any extreme value analysis due to its weight in the probability distribution estimation. For example, the Gringorton plotting position (Chow et al, 1988) was applied in the annual maximum series approach. This implies that the extreme event in 1975 -being the largest flood in the existing 34 years of record -was given a probability of exceedance of 1 -2% corresponding to a return period of approximately 60 years. However, according to historical records, the 1975 event must be regarded as a very extreme and rare event with a return period of 600-1000 years (Fujia & Yumei, 1994) . This fact is taken into account in the extreme value analysis.
The extreme value analysis was based on daily average discharge values of ten sub-catchments within the Hongru River basin. There were two ways in which the necessary data were collected for probability analysis: the maximum instantaneous flow in each year of the observation period (annual series) and all instantaneous flows above a certain value selected from the entire time series (partial duration series).
In order to obtain continuous series between 1951 and 1987, regression models were applied to relate the subset of annual maximum values to one or more reference stations. The identification of the reference stations was based on the correlation matrix between annual maxima from ten discharge stations. There were several gauges where the time series showed high correlation (up to 0.95). Thus, the regression relationships could be used for the interpolation of missing observations. Results from two gauging stations (upstream sub-basin 125 and the downstream sum of all sub-basins = 124 + 130) were chosen to illustrate the statistical properties of the catchment responses.
ANNUAL EXTREME VALUE DISTRIBUTION
The Annual Maximum Series (AMS) method is based on taking the highest daily discharge for each year in the actual time series, and estimating the parameters in the most suitable extreme value distribution. The types of probability distribution functions fitted to the observed data were as follows (Kite, 1988; WMO, 1989 The goodness-of-fit of the theoretical curves to the discharge values observed in the Hongru River basin has been evaluated by traditional chi-square tests (Yevjevich, 1972) . The LP3 distribution did not perform well because the skew of the logarithms of the events was negative for sub-catchments 120, 126, 128, and 130. Here, the estimated values of the parameters were outside the definition intervals. Therefore, the LP3 distribution was omitted for further analysis. The EVD1 distribution was rejected in the test for the important upstream sub-catchments 118 and 120 and because of redundancy since EVD1 is included in the GEV distribution. The GEV distribution combines into a single form the three asymptotic extreme value distributions EVD1, EVD2, and EVD3 (Weibull). The two types of distributions, GEV and P3 were selected for the present extreme value analysis because of the best performance and wide use in China, respectively.
The GEV and P3 cumulative distribution functions of annual maximum peak discharges, Q , are given by:
where a, /J, and k are parameters; and:
is the chi-square distribution with 2/J degrees of freedom and £ = 2y. In the P3 distribution function the parameters are a, /J and ^ (Kite, 1988) .
Experience in applying the GEV and P3 distribution for the Hongru River basin can be summarized as follows. The extraordinary storm in 1975 caused a large skewness in the time series of annual maximum discharges in sub-catchments 118, 120 and 125 which resulted in a significant deviation between the empirical and theoretical P3 distribution curves. However, the GEV distribution performed well even in these conditions, (Fig. 2(a) ). Yearly peak flow values of shorter return period did not fit the P3 distribution in sub-catchments 125 and 127, underestimating the probability values of peak discharges. The difference between the estimates from the two probability distributions (GEV and P3) was the largest in the upstream parts of the river basin, where the extreme event of 1975 dominates (Table 1) . There was a better agreement between the P3 and GEV distributions downstream from sub-catchment 126 of the Hong River. An excellent fit between theoretical and empirical distributions was found for stations 128, 129 and 130 which indicated a better correspondence in larger watersheds (Fig. 2(b) ). 
PARTIAL DURATION SERIES APPROACH
Since the flow conditions were changed by the catastrophe in 1975, the recorded series had to be divided into two series, one from 1951 to 1974 and one from 1976 to 1987. These divided time series were too short for an AMS analysis and therefore the socalled partial duration series method (PDS) was applied for probability estimations. Introducing a certain base level in a streamflow record and taking only excursions above this threshold into account is the basis of the PDS method (which is alternatively denoted as the peak-over-threshold (POT) method). The PDS method can be a better approach than the traditional AMS analysis when the number of annual maxima is small. The PDS method provides more information about the peak distribution than the AMS method. Even for annual maxima series with up to 40 years of data the PDS method may be preferable.
The mathematical modelling of PDS uses the theory of Poisson processes based on the following assumptions (Rosbjerg, 1985) : (a) flood occurrence times take place according to a time homogeneous Poisson process with a given intensity A 0 ; and (b) flood peak exceedances over the base level, x = Q p -Q 0 , are independent of each other as well as of the time of occurrence and follow the same distribution function F(x).
The first assumption implies that the time intervals between occurrences (T E ) are independent and exponentially distributed with the cumulative distribution function:
The mean value and the variance of T E are given as: For the distribution function in the second assumption, the exponential distribution is widely applied assuming the peak exceedances to be exponentially distributed:
where x = Q p -Q 0 , a 0 = /^ -Q 0 , Q 0 is the base level and /UQ is the mean exceedance. The estimation of the F-year event takes on a particularly simple form when the exceedance peaks are exponentially distributed (Rosbjerg, 1985) : 
Q P (T) = Q, + a () M^T)
In order to ensure that all the peak values are independent extreme events, the threshold, Q 0 , should be chosen as a rather large value. Conversely, because the significance of the parameter estimation is enhanced by increasing the number of peak values, a low value of the threshold should be chosen. A compromise between the two conflicting objectives has to be obtained simultaneously with the verification of the basic assumptions. In this study the threshold was chosen as the value that gives 2-3 peaks per year, provided that the time period between two adjacent events was larger than one week and that the events were independent. The process intensity and the duration of the peaks estimated from the full data series varied with catchment size (Fig. 3) . The assumptions of exponentially distributed times between occurrences and peak exceedances were -for the full series -checked by: -comparing intensities computed from observed durations between occurrences and the actual number of observed events in the actual period; and -plotting observed empirical distributions of peak exceedances.
Except for sub-basins 120 and 127 and especially 125, there was a very good agreement between the estimated process intensity and the number of observed peaks. However, the deviations in the values at sub-basins 120 and 127 were not significant (Table 2) . Control of the peak discharge distribution following an exponential distribution was made graphically based on plots of observed exceedance probabilities and curves of theoretical cumulative exponential distribution. The diagrams show that the POT series followed the theoretical exponential distribution (Fig. 4(b) ). Consequently, the assumptions governing the PDS method in general were approved. The only exception is sub-basin 125 where the assumption of exponentially distributed POTs does not apply (Fig. 4(a) ).
The mean time between events varied around six months except for sub-basin 125, where the mean time between peaks was considerable lower, viz. two months. The process mean intensity was accordingly 2-3 times higher than in the other sub-basins. This was caused by a tendency towards concentration of rainfall events in a short period of the year -usually from July to September -giving many peaks with short intervals and few long periods between rainy seasons. Generally, the ratio between mean exceedance and threshold is approximately two, except for sub-basin 120 where the peaks -with a mean interval of six months -are almost five times the threshold discharge (Table 3) . After 1975 there was a tendency towards shorter periods between peaks and higher peak/threshold ratios.
The PDS method produced substantially smaller estimates of the extreme events than the annual series approach for the catchments in the southern branch and for subbasin 125 in the northern branch (Tables 1 and 4) . Those were the catchments with the largest extreme event -relative to the mean of the maxima -and therefore had the largest coefficient of skew. The PDS parameter estimation gave less weight to a single very large discharge value than the annual series method, thus, it was less sensitive to highly skewed data in the T-year event estimation. 
DESIGN FLOW ESTIMATION BASED ON CATCHMENT CHARACTERISTICS
The relationship between regional and catchment characteristic data improves the reliability of extreme event estimates when the observed records are too short. In this study, the 1000-year event, Q T , was estimated as a variance weighted average of the 1000-year event computed from the five extreme value distributions fitted to the observed data (Rosbjerg, 1993; WMO, 1989) .
The correlation was poor between Q T and catchment area, A, in contrary to what could be expected from experience in previous investigations. (FREND, 1989; Starosolszky, 1987) . However, the reservoirs and detention basins in the Hongru River basin modified the flow regime, particularly in the upstream sub-catchments.
To include possible effects from variations in soil type, a soil characteristic was generated. The procedure adopted in this study computed from the soil types a single value that measured the degree of infiltration capacity in the catchment. Hence, catchments with a large percentage of loess and humus, i.e. high infiltration capacity, were given a low soil value, and rocky and wet catchments given a high soil value. A relationship between the 1000-year event (in m 3 s" 1 ) in the ten sub-catchments and the altitude range and soil parameters was found: ôiooo= 10 9 -Range 4 -Soil 2 with r = 0.5 and a standard error of the residuals of approximately 4000 m 3 s"
1
. The computations did not show high correlation between soil value and runoff regime.
Finally there was a reasonably good relationship between the GEV distribution parameters and the physical-geographical characteristics. Since the catchment area and river length were closely correlated, the three GEV parameters were related to river length and altitude range resulting in the following regression models (r 2 = 0.45-0. Even though the correlations between GEV parameters and regional characteristics were higher than the correlation between the 1000-year event and regional characteristics, the previous procedure was expected to give more reliable estimates. To estimate the GEV distribution parameters and then estimate the J-year event from the GEV distribution is a roundabout way compared to the direct estimation of the T-year event from catchment data.
EXAMPLE DATA FROM SUB-BASIN 125

Annual Maximum Series
In sub-basin 125, the two selected extreme value distributions (P3 and GEV) produced a 1000-year event of 630 m Table 2 for model parameters) which was substantially smaller than the estimate based on the AMS method. This result was similar to the AMS estimate without the 1975 event included in the analysis.
Regional analysis
The regression models from the regional analysis could be used to estimate the T-year event for catchments where no or few discharge records were available, which was the case in sub-basin 125.
The relevant catchment characteristics in sub-basin 125 were as follows: , which was close to the results from the extreme value estimation (AMS method).
DISCUSSION
Three different methods were used to estimate design floods and analyse the changes in catchment response after the dambreak in 1975. They were: Annual Maximum Series extreme value analysis (AMS), Partial Duration Series (PDS) and regional analysis.
Five types of probability distributions were tested within the AMS which showed that only the General Extreme Value (GEV) distribution was accepted for all ten subcatchments of the Hongru River basin.
For shorter time series, more information about the peak occurrences was gained by using the PDS method, where all peaks above a given threshold were included in the extreme value analysis. The PDS method was applied because of the relatively short time series available for separate analysis before and after 1975 when the dambreaks changed the flow conditions. The difference between the estimates from the AMS and PDS methods was largest in the upstream part of the Hongru River basin, where the influence from the very extreme 1975 event was dominant. In the downstream part, there was a good agreement between the AMS and PDS estimates. The PDS analysis showed that discharge peaks had increased after 1975, particularly in the downstream basins, because reservoirs no longer attenuated the floods.
Finally, a regional analysis was performed, investigating possible relationships between statistical variables, distribution parameters and basin characteristics. No convincing relationships were found to verify the above mentioned estimates of the Tyear event on the basis of catchment characteristics. An examination was made as to whether a relationship between basin topography and GEV distribution parameters could lead to a reasonable estimate of the f-year event for sub-basin 125, where a major part of the annual maximum series had to be estimated from regression models because of missing observations. The regional estimation of the 1000-year event in sub-basin 125 resulted in a peak discharge of approximately 3700 m 3 s" 1 , which is five times larger than the AMS estimated value of approximately 700 m 3 s" 1 . However, Fujia & Yumei (1994) report that the instantaneous inflow peak discharge to the Shimantan reservoir reached 6280 m 3 s" 1 during the storm in 1975. The estimated return period of the flood in 1975 was in the range of 600-1000 years. In this case, a daily mean of 3700 m* s" 1 appears to be acceptable. On the other hand, the three other methods used in this study gave estimates of the 1000-year event in the range of some 300 m 3 s" 1 , or one order less than the regional analysis. The observed maximum discharge from sub-basin 125 (outflow from the Shimantan reservoir) in August 1975 was 410 m 3 s"', a figure that may be questionable because of the extreme conditions during the flood. The discrepancies between the recorded peak discharge and the discharge reported by Fujia & Yumei (1994) has not been explained. The problems inherent in flood frequency estimation are apparent.
CONCLUSION
The runoff series in such an intensively utilized watershed as the Hongru River basin are rarely stationary because of flood flow regulations, river bed training, sedimentation, erosion and changes in land use. So the statistical analysis in a study such as this become more complex when different types of theoretical distributions are fitted to the observations. However, a comparison of estimates using different types of probability distribution showed strong deviations between design values of river discharge. The considerable uncertainty in the design values suggests an extended research for reconstruction of historical flood events, for adjustment of the discharge time series influenced by reservoir operations and by flood detention basins, and for rainfallrunoff simulations based on design rainstorms (Bengtsson et al., 1996) .
Although the probability-based methods applied in the analysis of the extreme events in the Hongru River basin may be questionable when estimating peak discharges with large return periods, the analysis can improve the understanding of changes in catchment response. Especially, the partial duration series method reveals information about the hydrological regime with and without reservoirs, and can thus be of assistance when designing new control systems and reservoirs.
